Superlattice nanowires are expected to show further enhanced thermoelectric performance compared with conventional nanowires or superlattice thin films. We report the epitaxial growth of high density Bi 2 Te 3 /Sb superlattice nanowire arrays with a very small bilayer thickness by pulse electrodeposition. Transmission electron microscopy, selected area electron diffraction and high resolution transmission electron microscopy were used to characterize the superlattice nanowires, and Harman technique was employed to measure the figure of merit (ZT ) of the superlattice nanowire array in high vacuum condition. The superlattice nanowire arrays exhibit a ZT of 0.15 at 330 K, and a temperature difference of about 6.6 K can be realized across the nanowire arrays.
I. INTRODUCTION
There is growing interest in constructing thermoelectric microdevice for harvesting waste energy and refrigerating. The performance of such devices is determined by the efficiency of thermoelectric materials which is directly related to the dimensionless figure of merit (ZT ): ZT =S 2 σT /κ, where S, σ, T , and κ are the Seebeck coefficient, electrical conductivity, absolute temperature, and thermal conductivity, respectively. The nanostructured materials have attracted much attention in thermoelectricity because they were predicated to have higher efficiencies than their bulk counterparts [1−4] . Studies on Bi 2 Te 3 /Sb 2 Te 3 [4] and Ge/Si 0.5 Ge 0.5 [5] superlattice thin films and Si nanowires [6, 7] have shown that these nanostructured materials have an enhanced ZT in comparison with the corresponding bulks. On the other hand, compared to 2D superlattice thin films and 1D nanowires, the zero-dimensional structure of superlattice nanowires which integrates advantages of the enhanced phonon scattering at the interfaces between periodically alternating materials and the higher quantum confinement as well as a sharper density of states may lead to further improvement in ZT [8−10] .
The template-based electrodeposition method is a widely used technique for fabricating nanowire array because it has some advantages such as simple operation, * Author to whom correspondence should be addressed. E-mail: ghli@issp.ac.cn. low cost, high controllability. Electrodeposited materials can potentially be integrated into nanogenerators or Peltier coolers [10−12] . A variety of thermoelectric superlattice nanowires such as Bi/Sb [13] , Bi/BiSb [10, 14] , BiTe/BiSbTe [9] [18] have been fabricated using this simple technique. For near room temperature applications, the Bi 2 Te 3 related superlattice nanowires are always the best choice. Unfortunately, the Bi 2 Te 3 related superlattice nanowires obtained so far are always polycrystalline [9, 15] , which may depress the electrical conductivity of the superlattice nanowires. Although various types of thermoelectric superlattice nanowires have been fabricated, there is still no report on the thermoelectric performance of the abovementioned superlattice nanowire. In this work, we report the epitaxial growth of Bi 2 Te 3 /Sb superlattice nanowires by pulsed electrodeposition and thermoelectric characterization of the nanowire arrays via Harman technique.
II. EXPERIMENTS
Anodic alumina membrane (AAM) was prepared using a two-step anodic anodization process as described previously [19−22] .
Electrodeposition was carried out in a three-electrode electrochemical cell, where a piece of graphite, saturated calomel electrode, and Ausputtered AAMs served as counter, reference and working electrode, respectively. Before electrodeposition, about 2 µm-length Au nanorods were first deposited in an electrolyte containing 0.005 mol/L HAuCl The microstructure and morphology of the nanowires were examined by transmission electron microscopy (TEM, H-800), selected area electron diffraction (SAED), and high-resolution transmission electron microscopy (HRTEM, JEOL-2010).
The Harman method was used to measure the ZT of the nanowire arrays [23−28] . Before measurement, a top Au electrode segment with a length of about 2 µm was electrodeposited onto the nanowire tips immediately after the deposition of Bi 2 Te 3 /Sb superlattice nanowires, this step is very important to get a highly ohmic contact. As shown in Fig.1(a) , when a DC current I DC is applied to the nanowire array, a temperature difference is established across the nanowire array due to the Peltier effect. After the system reaches a steady state, the total measured voltage is the sum of the ohmic and Seebeck voltages [26] :
where V ohmic is the voltage drop due to the resistive nature of the nanowires which can be measured using the the AC measurement [26] , and V Seebeck is the Seebeck voltage induced by Peltier effect. Then the ZT of the nanowire array can be calculated using the following formula [23, 26] :
where V DC and V AC is respectively the DC and AC voltage. The measurement scheme for evaluating the heating or cooling ability of the fabricated superlattice nanowire arrays in air condition is shown in Fig.2 . Briefly, the nanowire array was sandwich between two Cu blocks, and then a continued DC current was applied across the array for about 1 min, a pair of 80 µm K-type thermocouple wires was attached to the two sides of the array for the measurement of temperature difference ∆T .
III. RESULTS AND DISCUSSION
In Fig.3 , two obvious reduction peaks (the labeled A and B) and three oxidation peaks (C, D, and E) were observed. Peak A at around −0.1 V can be attributed to the deposition of Bi-Te alloy, and the peak B at around −0.35 V accounts for the abundant electrodeposition of a Bi-Sb-Te ternary alloy. We found that the Bi 2 Te 3 binary alloy and Sb elementary can be deposited at the One can see that the average diameter of the nanowires is about 80 nm, and equals to the pore size of the AAM used. Due to the mass difference, the Bi 2 Te 3 and Sb segments can be clearly distinguished by the bright field TEM imaging in which the darker parts with a length of about 12 nm correspond to Bi 2 Te 3 segments and the brighter ones with a length of about 10 nm correspond to Sb segments. The bilayer thickness of Bi 2 Te 3 and Sb segments is about 22 nm, which demonstrating that the Bi 2 Te 3 /Sb superlattice nanowires fabricated by above mentioned depositing parameters have very small bilayer thickness. Figure 4(b) shows an HRTEM image taken at the junction region of the Bi 2 Te 3 and Sb segments, and the magnifying image is shown in Fig.4(c) . The observed lattice spacings of 0.38 and 0.5 nm in Fig.4(c) [19, 29] , from these facts one can conclude that the deposition of the Bi 2 Te 3 /Sb superlattice nanowires is truly an epitaxial growth. The presence of double diffraction spots in the corresponding SAED pattern shown in Fig.4(d) further demonstrates the epitaxial character of the superlattice nanowires.
The AC and DC measurements were taken at a 1×10 −4 Pa high vacuum pressure. In order to reach a steady state, a stabilization time of 20 min was used at each temperature before measurement. For DC measurement, the bias current was applied for about 1 min before record the voltage data. Figure 5(a) shows the I-V curves of AC and DC measurements at 300 K, a nearly linear relationship between current and voltage can be clearly seen, indicating a highly ohmic contact of the nanowires. From Fig.5(b) , one can also see that the V DC is always higher than V AC at the same input current, which is reasonable if one considers the Peltier effect in the thermoelectric superlattice nanowires. Figure 5(b) shows the calculated ZT from 250 K to 330 K from Eq. (2), in which the highest ZT is about 0.15 at 330 K. At 300 K, the measured ZT is only about 0.13 and is much less than the state-of-the-art commercial Bi 2 Te 3 bulk (with ZT of about 1). Several reasons may be responsible for the low ZT : (i) the composition of each segment of the superlattice nanowires is not in the optimum region, which further leads the carrier concentration out of the optimum region [30] , (ii) the thermal conductivity of AAM cannot be neglected compared to the nanowires [24, 31] , and thus the measured V Seebeck is always lower than the truly one. In the future, we aim to optimize the performance of the superlattice nanowires by regulating the composition (i.e., Bi 2 Te 3 /Sb 2 Te 3 superlattice nanowires) and using very low thermal conductivity supporting membrane (i.e., ion track Membranes) [32] . Figure 6 shows the temperature difference between the top and back side of the Bi 2 Te 3 /Sb superlattice nanowire array to illustrate the heating ability of the thermoelectric microdevice. One can see that ∆T first increases with increasing from zero at applied current of 0.02 A, and then reaches a steady value of about 6.6 K at about 0.16 A, this temperature difference is near the value obtained in hybrid Bi 0.3 Sb 0.7 nanowire/Bi 0.4 Sb 1.6 Te bulk thermoelectric couple. With further increasing current to over 0.2 A, because of breakdown of the electronic contact, no data can be obtained. This result clearly demonstrates that the Bi 2 Te 3 /Sb superlattice nanowire array can create a much larger temperature difference compared to the superlattice nanowire/alumina composite and can be used as potential thermoelectric microdevice.
IV. CONCLUSION
Thermoelectric Bi 2 Te 3 /Sb superlattice nanowires with a very small bilayer thickness have been grown by pulse electrodeposition technique. The highest ZT of the superlattice nanowire arrays measured in high vacuum condition using Harman method was 0.15 at 330 K, and the highest temperature difference across the nanowire arrays in air condition is about 6.6 K. We believe that with further optimizing the growth condition, the superlattice nanowires will have an even high ZT and can be incorporated into a heating or cooling device.
V. ACKNOWLEDGMENTS
This work was supported by the National Natural Science Foundation of China (No.11174285).
